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20.  The  following  transient  phenomena  occur  in  a few  milliseconds: 

penetration  of  hot  gases  into  interstitial  voids,  convective  heating  of 
pellets  to  ignition,  granular  bed  compaction  and  rapid  pressurization  in 
a thick-walled,  steel  chamber.  Pressure  transients  and  flame-front  speeds 
are  measured  by  high-frequency  pressure  transducers  and  ionization  probes, 
respectively.  A gaseous  pyrogen  ignition  system  utilizing  a spark  ignition 
was  found  most  suitable  for  varying  igniter  strengths  and  achieving  high 
reproducibility. 
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The  physio-chemical  phenomena  described  above  have  been  formulated 
into  a theoretical  model.  The  method  employed  in  this  study  is  the  gas 
dynamic  approach  which  is  developed  by  formulating  the  governing  equations 
on  the  basis  that  mass,  momentum  and  energy  fluxes  are  balanced  over 
control  volumes  occupied  separately  by  the  gas  and  particle-phases.  The 
governing  equations  were  derived  in  the  form  of  coupled,  non-linear,  in- 
homogeneous partial  differential  equations.  This  system  of  equations  is 
solved  together  with  some  empirical  input  such  as  heat  transfer,  flow 
resistance,  intergranular  stress  and  the  burning  rate  law.  They  are 
found  to  be  of  hyperbolic  type,  since  all  the  eigenvalues  are  real. 

The  compatibility  relations  are  used  as  extraneous  boundary  conditions 
together  with  some  physical  boundary  conditions  to  solve  the  boundary 
points.  A stable,  fast  convergent,  explicit  numerical  scheme  incorporated 
with  predictor  and  corrector  are  used  in  the  interior,  and  the  method  of 
characteristics  is  used  on  the  boundaries. 

The  results  show  that  the  flame  front  accelerates  significantly  and 
the  rate  of  pressurization  increases  substantially  in  the  downstream 
direction.  The  igniter  strength  and  the  propellant  gasification  temperature 
were  found  to  have  pronounced  effects  on  the  pressurization  process.  The 
theoretical  predictions  are  in  close  agreement  with  the  experimental  data. 
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INTRODUCTION 


Gas-permeable  propellants  possess  great  potentials  in  achieving 
high-speed  combustion  and  producing  sizable  thrusts  within  extremely 
short  time  intervals.  The  work  performed  in  this  three-year  project  was 
a basic  research  study  on  the  combustion  of  gas-permeable  propellants 
enclosed  in  a cylindrical  chamber.  The  motivation  of  this  research  is 
to  achieve  a deep  understanding  of  the  combustion  processes  of  mobile 
granular  solid  propellants. 

The  overall  research  objectives  were: 

1)  Anomalous  burning  behavior  has  been  observed  in  combustion  of 
granular  solid  propellants.  A better  understanding  of  the 
transient  combustion  phenomena  is  required  to  reduce  hazards 
and  to  improve  the  design  of  propulsion  systems. 

2)  To  advance  the  state-of-the-art  in  the  combustion  of  granular 
propellants  by  formulating  a complete  theoretical  model  describing 
the  important  physical  phenomena  involved  in  both  gaseous  and 
solid  phases. 

3)  To  solve  the  theoretical  model  by  selecting  a stable,  fast 
convergent  numerical  scheme  so  that  effects  of  (a)  igniter 
strength,  (b)  propellant  physio-chemical  characteristic  and 
(c)  propellant  loading  density  can  be  studied. 

4)  To  conduct  experimental  firings  in  a thick-walled  combustor 
with  a fixed  boundary,  to  measure  the  pressure-time  transients 
at  various  axial  locations  and  flame  propagation  rates  so  that 
the  theoretical  model  developed  in  this  study  can  be  verified. 

5)  To  evaluate  the  effects  that  a single  variable  (i.e.,  igniter 
strength,  propellant  composition,  and  downstream  boundary) 
has  on  the  transient  combustion  process. 

6)  To  evaluate  the  importance  of  the  dynamic  burning  effect  in  the 
transient  combustion  of  granular  propellants. 

Because  of  the  complexity  of  the  overall  ignition  and  combustion 
processes,  early  designs  of  solid  propellant  gun  systems  relied  largely  on 
trial-and-error  procedures.  Although  considerable  progress  has  been  made 
by  researchers  in  this  field,  but  there  are  still  many  problems  to  be  solved, 
questions  to  be  answered.  In  order  to  achieve  high  reproducibility  and 
to  predict  the  ballistic  performance  accurately,  one  must  have  a thorough 
understanding  of  a number  of  physical  phenomena  and  the  coupling  relationships 
between  them.  Ignition  and  combustion  processes  in  solid  propellant  guns 


generally  involve:  (1)  impact  ignition  of  the  primer  material,  (2) 

flame  spreading  inside  the  igniter  or  percussion  unit,  (3)  venting  of 
igniter  products  into  the  granular  solid  propellant  bed,  (4)  heating  of 
solid  propellant  grains  to  ignition  by  the  hot  product  gas  of  the  igniter 
material,  (5)  penetration  of  burned  gas  into  the  unignited  portion  of  the 
granular  propellant  bed,  (6)  compaction  of  the  granular  bed  due  to  pressure 
gradients,  (7)  flame  spreading  inside  the  granular  bed,  (8)  chamber 
pressurization  before  the  projectile  starts  to  move,  (9)  rapid  and  uneven 
compression  at  various  portions  of  the  cartridge  sometimes  with  strong 
shock  spikes  impinging  at  the  base  of  the  projectile,  (10)  shot  start  and 
pronounced  expansion  of  the  bed  of  burning  pellets  and  (11)  friction 
losses  and  heat  transfer  from  gaseous  product  to  the  gun  barrel  and  projectile. 


Most  of  the  phenomena  mentioned  above  have  significant  effects  on  the 
muzzle  velocity.  In  addition  to  these  complicated  and  interrelated  phenomena, 
there  are  many  other  important  factors  which  will  influence  the  performance 
of  a solid  propellant  gun,  such  as  (a)  deterrent  concentration  inside 
solid-propellant  grains  for  small  arms  systems,  (b)  erosive  burning 
phenomena  due  to  high  relative  velocities  between  the  gas  and  the  solid 
particles,  (c)  deformation  and  fracture  of  propellant  grains  under  high 
pressure  and  stress  conditions,  (d)  flux  output  of  the  primer,  (e)  geometry 
of  the  cartridge  chamber,  and  (f)  fluidization  condition  of  the  granular  bed. 
All  these  factors  are  closely  related  to  the  physical  phenomena  involved  in 
ignition  and  combustion. 


THEORETICAL  WORK 


To  determine  the  transient  gas  dynamic  behavior  of  hot-gas  penetration, 
flame  propagation,  chamber  pressurization  and  expansion  processes  in  the 
granular  propellant  bed,  the  mass,  momentum,  and  energy  equations  for  the 
gas  phase,  and  the  mass  and  momentum  equations  for  the  solid  phase  are 
derived  and  expressed  in  a quasi-one-dimensional  form.  They  are  approached 
by  considering  the  balance  of  fluxes  over  a finite  volume  small  enough  to 
give  the  desired  spatial  distributions  in  the  complete  system  but  large 
enough  to  contain  many  solid  particles,  so  that  the  averaged  particle 
velocity  and  fractional  porosity  are  meaningful.  The  control  volumes 
considered  in  the  derivation  of  the  governing  equations  are  those  occupied 
separately  by  the  gas- and  particle  phases. 

Because  the  transient  interval  studied  is  so  short,  the  temperature 
profile  inside  the  particles  has  a very  steep  gradient.  Although  the  average 
bulk  temperature  of  a solid  particle  can  be  obtained,  it  would  not  be  useful 
for  determining  the  ignition  condition,  the  speed  of  flame  front  propagation 
and  the  rate  of  heat  transfer  from  the  gas  to  solid  phase.  Instead  of 
treating  the  solid  phase  energy  equation  like  the  mass  and  momentum  equations 
for  the  particles,  the  transient  heat  conduction  equation  is  considered, 
so  that  the  propellant  surface  temperature  and  the  temperature  gradient  can 
be  accurately  obtained.  A simple  surface-temperature  ignition  criterion 
is  also  used  to  describe  the  burning  condition  of  particles  along  the 
propellant  bed. 

In  addition  to  the  above  governing  equations,  the  equations  of  state 
for  gas-  and  particle-phases  must  be  specified.  The  co-volume  effect  becomes 
important  at  high  pressures,  so  the  Noble-Abel  dense  gas  law  is  used  as  the 
equation  of  state  for  the  gas  phase.  The  statement  of  a constant  density 
for  the  solid-propellant  particles  serves  as  the  equation  of  state  for  the 
particles. 

The  initial  conditions  required  to  solve  the  system  of  equations  are 
the  initial  distributions  of  gas  temperature,  pressure,  velocity,  particle 
velocity,  propellant  surface  temperature  and  fractional  porosity.  The 
total  number  of  boundary  conditions  required  depends  upon  the  flow  conditions 
at  the  primer  and  projectile  end  of  the  propellant  bed.  To  complete  the 
theoretical  model,  a set  of  empirical  correlations  for  flow  resistance 
and  heat  transfer  between  particles  and  gas  together  with  the  physical 
properties  of  the  granular  propellant  are  used  to  solve  the  system  of  partial 
differential  equations. 

The  detailed  description  and  the  mathematical  formulation  of  the  two- 
phase  granular  propellant  combustion  model  developed  under  this  project 
are  given  in  publications  1 and  2.  According  to  the  theoretical  calculations, 
some  special  features  of  the  combustion  process  in  granular  propellants 
were  noted. 
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(a)  The  rate  of  pressurization  increases  in  the  downstream 
direction  and  the  pressure  peak  developed  in  the  granular 
bed  travels  downstream. 

(b)  The  flame  spreading  rate  increases  significantly  in  the 
downstream  direction. 

(c)  A stronger  igniter  causes  faster  flame  spreading  and  also 
a higher  rate  of  pressurization. 

(d)  Igniter  gas  flow  compacts  the  bed  and  causes  the  propellant 
grains  to  move  in  the  shear  disc  direction. 

(e)  As  the  pressure  peak  develops  in  the  chamber,  the  gas  and 
particle  respond  to  the  pressure  gradient  by  moving  from 
center  toward  both  ends  of  the  chamber  simultaneously. 

(f)  For  tightly  packed  beds,  the  particle  velocity  is  significantly 
lower  than  the  gas  velocity  before  the  rupture  of  shear  disc. 

The  model  described  in  the  first  two  publications  does  not  include 
the  effect  of  dynamic  burning.  Before  any  specific  approach  was  taken 
in  the  consideration  of  this  transient  burning  phenomena,  an  extensive 
literature  survey  of  previous  works  in  the  field  of  dynamic  burning  was 
conducted.  This  review  work  is  given  in  publication  No.  3. 

Although  numerous  dynamic  burning  models  for  solid  propellants  have 
been  proposed  in  the  past,  few  if  any  were  intended  to  deal  with  the  highly 
convective  fields  normally  found  in  confined  granular  propellant  charges. 

In  this  work,  the  rate  of  convective  heat  feedback  in  the  presence  of 
surface  gasification  is  expressed  in  terms  of  a surface  blowing  parameter, 
skin  friction  coefficient,  and  local  gasdynamic  conditions.  The  transient 
heat  conduction  equation,  posed  for  a solid  particle  in  a Lagrangian 
system,  is  solved  for  the  thermal  profile.  The  detailed  analysis  and 
formulation  are  given  in  publication  No.  4. 

Some  important  results  obtained  from  our  dynamic  burning  study  are 
listed  below: 

(a)  After  using  realistic  physical  inputs  from  a granular  bed 
model,  pronounced  burning  rate  spikes  were  found  to  exist  for  a 
short  period  after  the  onset  of  ignition. 

(b)  Pressurization  rate  is  not  the  sole  contributor  to  the 
burning-rate  phase  lag  and  amplitude  of  overshoot.  Instead, 
local  gasdynamic  conditions  as  well  as  the  thermal  profile 
accrued  during  the  preheat  period  have  been  found  to  be  equally 
important. 

(c)  The  influence  of  dynamic  burning  was  found  to  be  most  significant 
at  lower  pressures.  For  the  conditions  studied,  the  duration 

of  the  interval  in  which  dynamic  burning  was  prevalent  was  found 
to  be  very  brief.  Furthermore,  after  the  culmination  of  each 
burning  rate  spike,  the  burning  rate  returned  asymtotically  to 
the  steady-state  burning  rate. 
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EXPERIMENTAL  WORK 


In  the  experimental  work,  a thick-walled  steel  combustion  chamber  (6 
inches  in  length  and  0.306  inch  I.D.)  has  been  constructed.  A shear  disc 
or  projectile  forms  the  stationary  or  moving  downstream  boundary,  respectively 
Pressure  transducers  and  ionization  probes  are  spaced  equally  along  the 
chamber  for  measuring  both  the  pressure-time  traces  at  various  locations 
and  the  flame  propagation  speed  in  packed  beds  of  granular  propellants. 

In  addition  to  the  conventional  primers,  a gaseous  pyrogen  ignition  system 
utilizing  hydrogen-oxygen  mixtures  with  a spark  ignition  source  was  also 
used  to  vary  the  igniter  mass  flux  and  duration. 

The  effects  of  igniter  strength,  propellant  type,  deterrent  concentration 
and  projectile  motion  on  the  overall  transient  combustion  processes  in 
granular  propellant  beds  were  studied  experimentally.  The  results  show 
that  igniter  strength  significantly  affects  the  duration  of  the  induction 
period,  and  also  the  accelerative  behavior  of  the  pressure  front  traveling 
through  the  bed;  a weaker  igniter  causes  a more  pronounced  pressure  front 
acceleration.  A large  igniter  volume  was  found  to  reduce  the  rate  of  flame 
spreading  and  pressurization  processes.  Combustion  of  slightly  deterred 
propellants  produced  extremely  rapid  flame  spreading,  higher  peak  pressures, 
and  higher  pressurization  rates  than  regularly  deterred  propellants. 

Propellant  particle  geometry  was  found  to  greatly  affect  the  rate  of  total 
mass  consumption  within  a propellant  bed  and  thereby  influence  the  peak 
pressures  and  pressure  wave  phenomena  within  the  bed.  The  detailed 
experimental  test  rig  design  and  the  comparison  of  firing  data  under 
different  conditions  are  given  in  publications  5 and  6. 


CONCLUSIONS 


An  investigation  has  been  conducted  for  a two-phase,  granular  pro- 
pellant combustion  problem.  Several  important  conclusions  are  summarized 
in  the  following. 

1.  Transient  wave  phenomena  and  flame  spreading  have  been  measured 

in  a thick-walled  cylindrical  chamber  by  high  frequency  transducers 
and  ionization  pins.  Experimental  results  indicate  that: 

(a)  The  rate  of  pressurization  increases  in  the  downstream 
direction  and  the  pressure  peak  developed  in  the 
granular  bed  travels  downstream. 

(b)  Under  certain  conditions,  the  flame  spreading  rate  increases 
significantly  in  the  downstream  direction. 

(c)  A stronger  igniter  causes  faster  flame  spreading  and  also 
a higher  rate  of  pressurization. 

2.  A successful  theoretical  model  has  been  developed  to  describe 
the  combustion  of  mobile  granular  propellants.  A stable,  fast- 
convergent  numerical  scheme  is  used  for  solving  the  complete 
system  of  equations.  The  above  experimentally  observed  phenomena 
were  also  displayed  in  the  solutions  of  the  theoretical  model. 

3.  The  calculated  pressure-time  traces  and  flame  spreading  rates 
agree  closely  with  the  experimental  data. 

4.  Burning  rate  spikes  of  large  amplitude  were  obtained  in  the 
dynamic  burning  study.  However,  due  to  the  extremely  short 
time  duration  of  the  spikes,  the  dynamic  burning  effect  in  the 
overall  combustion  event  in  the  particular  test  configuration 
considered  was  found  to  be  negligible. 

5.  In  the  study  of  granular  bed  combustion,  there  are  still  many 
unsolved  problems  in  both  theoretical  and  experimental  areas. 

These  problems  were  identified  in  a special  JANNAF  Workshop 
and  deserve  to  be  considered  for  future  studies.  A summary  of 
the  Workshop  is  given  in  publication  No.  7. 
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